The variation of 77 biallelic sites located in the nonrecombining portion of the Y chromosome was examined in 608 male subjects from 22 African populations. This survey revealed a total of 37 binary haplotypes, which were combined with microsatellite polymorphism data to evaluate internal diversities and to estimate coalescence ages of the binary haplotypes. The majority of binary haplotypes showed a nonuniform distribution across the continent.
The variation of 77 biallelic sites located in the nonrecombining portion of the Y chromosome was examined in 608 male subjects from 22 African populations. This survey revealed a total of 37 binary haplotypes, which were combined with microsatellite polymorphism data to evaluate internal diversities and to estimate coalescence ages of the binary haplotypes. The majority of binary haplotypes showed a nonuniform distribution across the continent.
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Introduction
The sex-specific portion of the human Y chromosome is haploid, is paternally transmitted, and escapes recombination. These features make its DNA sequence variation an invaluable tool for the study of modern human evolution. Haploidy and patrilinearity translate into increased levels of population subdivision compared with the autosomes, and the lack of recombination permits the reconstruction of an unequivocal haplotype phylogeny, which can be related to the geographic distribution of the Y haplotypes, in an approach known as "phylogeography" (Avise et al. 1987; Underhill et al. 2001b ).
Since the discovery of the first polymorphisms in the nonrecombining portion of the Y chromosome (NRY)
∼15 years ago (Casanova et al. 1985; Ngo et al. 1986 ), a large number of studies involving various aspects of human population genetics have been published, but the paucity of usable polymorphic loci on the NRY, which reflects its low level of sequence variation (Jakubiczka et al. 1989; Malaspina et al. 1990; Dorit et al. 1995; Hammer 1995; Whitfield et al. 1995; Shen et al. 2000 ; Thomson et al. 2000 ; The International SNP Map Working Group 2001), has hindered progress. Recently, Underhill et al. (1997 Underhill et al. ( , 2000 Underhill et al. ( , 2001b , Rosser et al. (2000) , and Hammer et al. (2000 Hammer et al. ( , 2001 reported a large number of Y-chromosome biallelic polymorphisms, which has provided a detailed phylogeographic portrait of contemporary global population structure and past population movements and interactions. The availability of these highly geographically structured sets of markers has stimulated the analysis of more restricted areas, leading to important clues about the peopling of Europe (Rosser et al. 2000; Semino et al. 2000; Scozzari et al. 2001) , Asia (Su et al. 1999; Capelli et al. 2001; Karafet et al. 2001; Wells et al. 2001) , Oceania (Capelli et al. 2001; Kayser et al. 2001; Underhill et al. 2001a) , and the Americas (Underhill et al. 1996; Karafet et al. 1999; Santos et al. 1999; Lell et al. 2002) . Africa has had a central role in human evolutionary history. Both genetic and paleoanthropological evidence has accumulated in support of an African origin for our species (Cann et al. 1987; Scozzari et al. 1988; Vigilant et al. 1991; Waddle 1994; Horai et al. 1995; Penny et al. 1995; Hammer et al. 1998; Lahr and Foley 1998; Quintana-Murci et al. 1999; Ingman et al. 2000; Underhill et al. 2000; Walter et al. 2000; Ke et al. 2001) . However, few studies specifically dealing with the Ychromosome diversity of this continent have been published, and these were either based on a small number of polymorphic markers (Seielstad et al. 1994; Scozzari et al. 1999 ) and/or focused on specific geographic areas inside the continent (Passarino et al. 1998 ; Thomas et al. 2000; Bosch et al. 2001; Semino et al. 2002) .
In the present study, we report the Y-chromosome haplotypes detected by surveying 77 biallelic markers in 22 African populations, representing all major population groups on the continent. In addition, the internal diversity of each binary haplotype was assessed by determination of the allele state at seven STR markers. The observed pattern of NRY variation reveals a profound geographic structuring in Africa, suggestive of several complex demographic episodes involving size fluctuations, migrations, expansions, mergers, and subdivisions.
Subjects and Methods

Subjects
A total of 608 unrelated male subjects belonging to 22 African populations were analyzed. Appropriate informed consent was obtained from all participants. Sample sizes, geographic origin, and linguistic affiliation for each population are reported in table 1.
With the exception of the Ethiopian Jews, all the populations have been previously analyzed for subsets of the Y-chromosome polymorphisms used in the present study (see references in table 1). Slight differences between these studies and the present work in sample sizes for some populations reflect subsequent unavailability of DNA. Mbuti and Biaka Pygmies and the small Lissongo sample were previously reported as "central Africa" in the article by Underhill et al. (2000) . Several subjects from Europe (63 Spanish, 20 Italians, 15 Danes, and 4 Poles), and eight subjects from the Middle East have been also analyzed for a specific mutation (M269) and were included for comparison with the African data (see the "Geographic Distribution of Haplotypes" subsection of the "Results" section).
Molecular Analysis
DNA samples were obtained from blood specimens or cultured cells by phenol-chloroform extraction and ethanol precipitation. Markers analyzed include 77 biallelic polymorphisms ( fig. 1 ) and seven STRs (four di-and three tetranucleotide repeats). The majority of the biallelic markers were genotyped according to a hierarchical approach, on the basis of the phylogeny reported by Underhill et al. (2000 Underhill et al. ( , 2001b . Using this approach, we were able to assign all of the African chromosomes to 37 specific haplotypes of the 131 haplotypes reported by Underhill et al. (2001b) , with the caveat that, when a terminal branch of the tree proposed by Underhill et al. (2001b) was more than one mutation long, only a subset of the markers on that branch was typed in the present study.
The majority of the biallelic markers were typed using PCR-amplified products and subsequent heteroduplex analysis by denaturing high-performance liquid chromatography (DHPLC), as described by Underhill et al. (1997 Underhill et al. ( , 2000 Underhill et al. ( , 2001b . The following markers were analyzed using genotype detection strategies other than DHPLC: M9, M13, and M14 were typed using a PCR/ RFLP assay, through use of the primers described by Underhill et al. (1997) and the appropriate restriction enzymes (HinfI, DpnII, and AflIII, respectively); markers M12 and M45 (Underhill et al. 1997 were also typed as RFLPs but through use of primer pairs different from those described in the original references: M12 FOR, 5 -actaaaacaccattagaaacaaagg; M12 REV, 5 -tgagcaacatagtgaccccgat; M45 FOR, 5 -ttggcagtgaaaaattatagcta; M45 REV, 5 -acagttgtgacagtggcacc (the underlined base in one of the primers in each pair indicates a noncomplementary nucleotide that generates DpnII and BfaI restriction sites for M12 and M45, respectively); DYS271 (Seielstad et al. 1994) , YAP (Hammer and Horai 1995) , PN2 and PN3 , and DYS257 were genotyped according to the procedures described in the original references; SRY 10831 (Whitfield et al. 1995) and M40 (corresponding to SRY 4064 in Whitfield et al. 1995) were analyzed according to the procedure described by Scozzari et al. (1999) ; and p12f2 (Casanova et al. 1985) was genotyped according to the procedure described by Rosser et al. (2000) . Three new polymorphic markers (M269, M236, and M288) are here described for the first time. The M269 polymorphism is a CrT transition in the EIF1AY (eukaryotic translation initiation factor 1A, Y chromosome) gene discovered at the Stanford Genome Technology Center. A 379-bp fragment containing the M269 polymorphism was amplified using the primers M269 FOR (5 -ctaaagatcagagtatctccctttg) and M269 REV (5 -aaattgttttcaatttaccag) and was genotyped by DHPLC. Scozzari et al. , 1999 a Number of Y chromosomes analyzed. b According to Grimes and Grimes (2000) and Greenberg (1987) . c See Spedini et al. (1999) and the Laboratory of Molecular Anthropology Web site for anthropological information regarding Cameroonian populations.
d Composite sample; see Scozzari et al. (1999) . e Reported as central Africa in the article by Underhill et al. (2000) .
The M236 and M288 polymorphisms were discovered by sequencing the Y-specific region in the proximity of the pseudoautosomal boundary (R.S., unpublished data) and are due to transversions (GrC and CrA, respectively) that are 177 bp and 175 bp away from the pseudoautosomal boundary (nucleotide positions 18310 and 18312 in the Y-chromosome cosmid cAMF3.1; GenBank accession number X96421). A PCR/RFLP assay was developed using primers SRY18121 FOR (5 -ccttctgagctatacgtctatgt) and SRY18531 REV (5 -atgatgctcaggactcagacct) and the restriction enzymes AvaI, AccIII, and AccII.
The (CA) n dinucleotide repeats YCAIIa and YCAIIb (Mathias et al. 1994) and DYS413a and DYS413b (Mathias et al. 1994; Malaspina et al. 1997 ) were analyzed and their allele sizes scored as described by Malaspina et al. (1998) . The (GATA) n tetranucleotide repeats DYS391 (Roewer et al. 1996; Kayser et al. 1997) , A7.2 (White et al. 1999) , and DYS439 (Ayub et al. 2000) were coamplified in a single PCR using the primers described in the original references, after [g- 32 P]dATP terminal labeling of one of the primers in each pair, and were electrophoresed on 6% sequencing gel. Sequenced alleles were included in each run, as size-calibration stan-
Figure 1
Maximum-parsimony phylogeny of NRY biallelic markers. Markers are indicated on the branches. Italicized markers were not typed in the present study, but their allelic state could be deduced unequivocally from their position in the genealogy given by Underhill et al. (2001b) . Group IX markers defining the 117b derivative haplotypes 110-112, 114-116, and 118 (Underhill et al. 2001b ; P.A.U., unpublished data) have not been typed in the present study. Haplogroup and haplotype designations are according to Underhill et al. (2001b) , with some modifications (see the "Results" section). Only the haplotypes observed in the present study are numbered. Underlined haplotypes are those described here for the first time. Phylogenetic relationships between group IX markers M207 and M173 ) and M17 and SRY 10831 (Weale et al. 2001) have recently been resolved. dards. Note that Gonzalez-Neira et al. (2001) recently reported that DYS439 (Ayub et al. 2000 ) is likely to be the same marker previously described as GATA A4 by White et al. (1999) .
Statistical Analysis
Correspondence analysis was performed using the SPSS package, version 8.0 (SPSS Inc.). Data have been standardized by removing row (populations) and column (binary Y haplotypes) means, and a row principal normalization was also used. In this analysis, 31 African populations have been included: 22 populations from the present study, 5 populations from the study by Underhill et al. (2000) (Mali, Sudan, Ethiopia, southern African Bantu, and Khoisan), and 4 Moroccan populations from the study by Bosch et al. (2001) (Saharawis, southern Moroccan Berbers, Arabs, and north-central Moroccan Berbers). These studies have analyzed a largely overlapping-but not identical-set of markers; thus, population comparisons were performed by use of binary haplotypes defined by only the SNPs that were shared by the three studies.
Analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) was performed using Arlequin, version 2.000 (Schneider et al. 2000 ; Arlequin's Home on the Web). Two hierarchical levels (individuals into populations and populations into geographic groups) were considered. F statistics and their significance levels were calculated as described by Scozzari et al. (1999) . To evaluate the molecular distances between haplotypes, we used, as a reference, the tree described by Underhill et al. (2001b) , modified to include a few additional markers (SRY 10831 , DYS257, M269, M236, and M288).
For each binary haplotype, phylogenetic relationships of the haplotypes defined by the seven microsatellites analyzed were depicted by means of median joining (MJ) networks , through use of the Network 2.0e program (Life Sciences and Engineering Technology Solutions Web site) with the epsilon value set to zero.
To estimate the time to the most recent common ancestor (TMRCA) of a binary haplotype cluster, we used the three tetranucleotide loci. The results for the complex dinucleotide microsatellites YCAIIa, YCAIIb, DYS413a, and DYS413b were excluded from the analysis, since an accurate estimate of their mutation rate is not available, owing to the relatively low number of meioses analyzed and mutations observed (1 mutation in 490 meioses; Kayser et al. 2000) . TMRCA can be estimated from ASD/m, where ASD is the arithmetic mean, across loci, of the average squared distance statistic (from each haplotype in the cluster to the putative ancestral haplotype, which was assumed to be the haplotype carrying the most frequent allele at each microsatellite) (Goldstein et al. 1995; Slatkin 1995) and m is an estimator of the mutation rate of these loci-specifically, the fraction of meioses that involved mutation at tetranucleotide loci (16/7,292) in the study by Kayser et al. (2000) . This provides a point estimate of TMRCA in number of generations. The value of 25 years per generation was used to convert this to years. To obtain a CI, we performed a parametric bootstrap, over both ASD and m. Specifically, at each of 10,000 simulations, we (i) sampled a mutation rate from binomial (7,292, 16/7,292)/7,292; then (ii) assumed that the genealogy of the cluster was perfectly starlike, with a mutational depth equal to the measured ASD, and simulated a symmetric single-step mutation process at each locus and calculated ASD. For each simulation, we evaluated ASD/m and, from the distribution of values that resulted, we used, as a 95% CI, the interval that covered the central 95% of values. It is worth noting that (unmodeled) uncertainty in the shape of the genealogy, as well as in the mutation process, means that these CIs are underestimated. Moreover, possible range constraints on the microsatellite allele length may influence the observed variability (Kayser et al. 2000) .
Results
Y-Chromosome Phylogeny
Data from the present study and from Underhill et al. (2001b) have been used to augment a phylogenetic tree composed of 77 biallelic polymorphisms ( fig. 1 ). Thirtyseven binary haplotypes were found in the total sample of 608 African subjects. The notation of Underhill et al. (2001b) for these haplotypes was kept, except for four haplotypes that are described here for the first time. These are: (1) haplotype 12b, carrying the M218 mutation but ancestral at M109; (2) haplotype 19b, carrying the derived alleles at M236 and M288 but ancestral at M146; (3) haplotype 41b, carrying the mutated allele at M98 but ancestral at M85; and (4) haplotype 117b, carrying the M269 derived allele on a M207/ M173 background.
Geographic Distribution of Haplotypes
Haplotype frequencies in 22 African populations are given in table 2. Following Underhill et al. (2000 Underhill et al. ( , 2001b , haplotypes have been partitioned into haplogroups according to either the presence or the absence of alleles located in the interior of the phylogeny. Six groups (I-III, VI, VIII, and IX) have been observed among the African populations analyzed. Group III (15 different haplotypes) accounts for the majority (73%) of the chromosomes and is widespread across the African continent. The African-specific groups I and II (Underhill et al. , 2001b , which account for 7% and fig. 2 ; also see fig. 1 ). This finding was particularly pronounced for the African-specific group I haplotypes. Haplotype 2, which harbors the derived allele at M13 and M219, was found in eastern Africa (41%) and, at lower frequencies, among the northern Cameroonians (4%). Haplotype 4, harboring the M51 mutation, and haplotypes 6 and 7, which share PN3 and several other mutations, were found exclusively in the Khoisan from southern Africa. Interestingly, the ancient lineage defined by the M31 mutation (haplotype 8), previously found in one subject from Mali , was present in two Berbers from Morocco. Haplotypes 1, 3, and 5, previously identified in a few subjects from eastern Africa , were not found in the present study.
Regarding the group II haplotypes, a clear-cut difference was observed between Pygmies and Khoisan, on one side, and all the other African populations, on the other: the former have mainly group II haplotypes sharing the derived allele at M112 (haplotypes 14-18), whereas in other African populations, group II chromosomes display mainly the M150 mutation (haplotypes 9-12 and 12b). Among these, haplotype 12, which carries the M109 mutation, is the most frequent and was found in several populations from Cameroon. The same haplotype was also previously observed in some eastern Africans and Bantu speakers from southern Africa . The new markers M236 and M288 define an old group II clade (haplotypes 19 and 19b), which is restricted to few sub-Saharan subjects.
As previously mentioned, group III chromosomes are widespread all over Africa, but the distribution of the numerous distinctive haplotypes is not homogeneous across the continent. Chromosomes carrying the DYS271 (M2) mutation (haplotypes 20-27 in fig. 1 , and defined as haplotype 5 in the article by Hammer et al. [1997] ) are mainly limited to sub-Saharan populations and reach frequencies 165% in some populations (Burkina Faso and southern Cameroon; see also Scozzari et al. 1999) . Several sublineages carrying the DYS271 mutation have been observed; one of these is haplotype 22, which is defined by the M191 mutation and accounts for 33% of the DYS271 chromosomes. In the African sample that we have analyzed, this haplotype has the same distribution as the haplotype carrying the DYS271 mutation alone (haplotype 24). The group of chromosomes sharing the derived allele at PN2 and the ancestral state at DYS271, previously defined as haplotype 4 by Hammer et al. (1997) , includes many haplotypes having different geographic distributions. The least-resolved haplotypes (28 and its derivative 35) at present were observed in populations from both eastern and sub-Saharan Africa ; present study). Among the most differentiated lineages carrying the M35 mutation, haplotype 30 (M34) is present in eastern Africa, as is haplotype 33 (M78), which is also found at high frequency in northern Africa, whereas haplotype 37 (M81) is found at high frequencies only in northern Africa. Haplotypes 30, 33, and 37 have also been found in populations from Europe and the Middle East Bosch et al. 2001 ; R.S., unpublished data). Haplotypes carrying the mutations M75 and M33 (haplotypes 39-43, previously identified as haplotype 3A by Hammer et al. [1997] ) are present at low frequencies across the entire continent but with different individual distributions (table 2 and .
Group VI (haplotype 54, which carries the M201 mutation, and haplotypes 60, 62, and 67, which carry the p12f2 mutation) represents 16% and 5% of the northern and eastern African chromosomes, respectively, but is absent in sub-Saharan populations. Haplotypes carrying the M201 or p12f2 mutations are common in southern central Europe and the Middle East (Semino et al. 1996 (Semino et al. , 2000 Rosser et al. 2000; Malaspina et al. 2001; Scozzari et al. 2001) , and their distribution has been associated with the Neolithic expansion from the Middle East (Semino et al. 1996 (Semino et al. , 2000 Bosch et al. 2001) . It is worth noting that the frequency of group VI chromosomes in the Ethiopian Jews (just one chromosome out of 22) is similar to that reported for the p12f2 chromosomes in the Oromo from Ethiopia (4%) and is considerably lower than the frequency reported for the Amhara of the same region (33%), for whom a strong Middle Eastern genetic component has been reported (Semino et al. 2002) . These data, together with those reported elsewhere (Ritte et al. 1993a (Ritte et al. , 1993b Hammer et al. 2000) suggest that the Ethiopian Jews acquired their religion without substantial genetic admixture from Middle Eastern peoples and that they can be considered an ethnic group with essentially a continental African genetic composition.
The four group VIII chromosomes listed in table 2 all carry the M70 mutation that defines haplotype 109. This haplotype was also found at low frequencies across Europe (Semino et al. 2000; R.S., unpublished data) .
With the exception of a single Y chromosome from Morocco with the M269 mutation (haplotype 117b), all group IX African chromosomes are characterized by the presence of the M173 and M207 derived alleles and the
Figure 2
Distribution of major Y-chromosome haplotypes in 11 geographic areas of Africa. Some evolutionarily related haplotypes were pooled according to the simplified phylogeny shown at the bottom of the figure. The 12 most common haplotypes or groups of related haplotypes are represented by different colors. The remaining haplotypes are represented in the white sector of the relevant pie charts. Geographic groups are as follows: 1, Morocco; 2, Mali; 3, Sudan; 4, Ethiopia; 5, Burkina Faso; 6, northern Cameroon; 7, southern Cameroon; 8, Central African Republic (Biaka Pygmies); 9, Democratic Republic of Congo (Mbuti Pygmies); 10, southern Africa Bantu; 11, southern Africa Khoisan. Data for Morocco, Burkina Faso, Cameroon, Central African Republic, and Democratic Republic of Congo are from the present study; the frequencies for Ethiopia and the southern Africa Khoisan have been obtained by pooling data from the present study and the study by Underhill et al. (2000) ; data for Mali, Sudan, and southern Africa Bantu are from Underhill et al. (2000) .
Figure 3
Correspondence analysis scores; plot of populations and haplotypes in the space of the first (X-axis) and second (Y-axis) dimension. Only the haplotypes (represented by asterisks [*]) most contributing to the inertia of the first and/or second dimension are represented. A, 31 African populations, including the 22 populations listed in table 1, 5 populations from Underhill et al. (2000) , and 4 Moroccan populations from Bosch et al. (2001) . Symbols used to identify groups of populations are as follows: diamonds, sub-Saharan Africans; circles, northwestern Africans; squares, eastern Africans. B, Correspondence analysis for the 20 African populations having negative scores for the first dimension in the previous analysis. The following symbols have been used to identify groups of populations: triangles, Khoisan; circles, Pygmies; squares, northern Cameroonians; crosses, other sub-Saharan Africans (populations from Burkina Faso and Bantu-speaking populations from southern Cameroon and southern Africa).
absence of the downstream mutations (haplotype 117). Haplotype 117 was found only in Cameroon, where it accounts for 26% of the chromosomes (40% in northern Cameroon). Chromosomes from Cameroon with this haplotype are the same as those reported in a previous article as belonging to haplotype 1C (Scozzari et al. 1999) . Since, so far, no population data have been published for the M269 mutation, in the present study 102 European and 8 Middle Eastern Y chromosomes were analyzed for this marker. These chromosomes had been previously classified as haplotype 1 by Scozzari et al. (2001) Underhill et al. [2001b] ). In contrast to the group IX chromosomes from Cameroon, all western Eurasian chromosomes were found to carry the M269 derived allele.
Correspondence Analysis
In a first run of the correspondence analysis ( fig. 3A) , we analyzed 22 African populations from the present study together with 9 African populations taken from the studies by Underhill et al. (2000) and Bosch et al. (2001) (see the "Statistical Analysis" subsection of the "Subjects and Methods" section). The first and the second dimensions capture 17% and 13% of the inertia, respectively. On the basis of the first two dimensions scores, populations are grouped into three major clusters corresponding to sub-Saharan, northwestern, and eastern Africans. The main determinants of these clusterings are haplotype 37 (common in northern Africa), haplotype 2 (common in eastern Africa), and haplotype 22/ 24 (common in sub-Saharan Africa). Two populations stand apart in the plot: the Fulbe from Cameroon, because of the high frequency of haplotype 43, and the Mali sample, which is located between the major subSaharan cluster and the northwestern cluster, because of the intermediate frequency of haplotypes 37 and 22/24. To achieve a better resolution of the genetic relationships among sub-Saharan populations, a second correspondence analysis was run by including only populations with negative values on the first dimension of the previous correspondence analysis. As is shown in figure 3B , four population groups were identified: the Khoisan from southern Africa, the northern Cameroonians, the Pygmies, and the Niger-Congo-speaking populations from various regions (Burkina Faso, southern Cameroon, and southern Africa). Unlike the other two population clusters, both the Khoisan and the northern Cameroonians show a high degree of interpopulation diversity, which is illustrated by the more scattered distribution of the points in the plot. The Khwe sample in figure 3B occupies an intermediate position between the other Khoisan and the Niger-Congo-speaking popula- tions, most likely because of the relatively high frequencies of haplotypes carrying the DYS271 mutation.
AMOVA Analysis
To assess the level of population structure, we estimated various F statistics (table 3) by use of AMOVA (Excoffier et al. 1992 ) and by taking into account interhaplotype molecular differences (see the "Statistical Analysis" subsection of the "Subjects and Methods" section). The overall F ST value calculated for the entire African sample, comprising 22 populations without groupings, was 0.342 (significantly greater than zero, ), indicating that Ϫ4 P ! 10 a large proportion of the overall Y-chromosome variation resulted from interpopulation differences. When the populations were partitioned into seven groups according to a geographic criterion, a high degree of both inter-and intragroup variability ( , ;
) was observed. The high F SC value was Ϫ4 0.170 P ! 10 mainly contributed by the populations from northern Cameroon, which showed a high degree of differentiation ( ) (for a discussion, see Scozzari et al. 1999 ). F p 0.249
ST
Network Analysis
The variation at seven STR loci was used to reconstruct an MJ network for those binary haplotypes that showed a wide geographic distribution within the continent. The aim of this analysis was to evaluate whether the observed geographic distribution for each binary haplotype was attributable either to recent or more ancient gene flow. MJ networks for haplotypes 2, 15, 22, 24, 35, and 41 are displayed in figure 4 (A-F, respectively). Networks for haplotypes 2, 15, and 35 ( fig. 4A , B, and E) depict both a clear nonuniform geographic distribution of STR haplotypes and no instances of haplotype sharing across geographic regions (with a single exception in the haplotype 35 network). Two distinct clusters of haplotypes are present in the haplotype 2 network ( fig. 4A ), corresponding to the Cameroonian and the Ethiopian chromosomes. In the haplotype 35 network ( fig. 4E ), Ethiopian chromosomes are well differentiated from southern African chromosomes, and the single western African haplotype differs by four repeats from the closest chromosomes in the network. A more extreme situation is observed for the haplotype 15 network ( fig. 4B) , where a high degree of inter-and intrapopulation structuring is present, with the Pygmy chromosomes being у7 mutational steps apart from Khoisan chromosomes, which, in turn, seem to have a high degree of internal diversity. Networks for haplotypes 22, 24, and 41 ( fig. 4C, D, and F) show a reduced degree of geographic structuring, with several instances of STR haplotype sharing among different regional groups, suggesting a more recent common ancestry.
Discussion
Pattern of Diversity in Contemporary African Populations
The high degree of interpopulation NRY haplotype diversity that we observed in Africa agrees with previous reports based on the analysis of autosomal, Y chromosome, and mtDNA markers (Melton et al. 1997; Scozzari et al. , 1999 Watson et al. 1997; Jorde et al. 2000; . The observed NRY F ST value (0.342;
) is the highest among those so Ϫ4 P ! 10 far reported for other continents Karafet et al. 2001 ) and appears to be highly related to geography-that is, the seven geographic clusters listed in table 3 ( ; ). As shown in figure   Ϫ4 F p 0.230 P ! 10 CT 3A, three main clusters of populations from northern, eastern, and sub-Saharan Africa could be identified. Haplotype sharing among these three population groups 15) is one-half that in the other networks. Network B also includes three haplotype 15 chromosomes reported by Underhill et al. (2000) . Network E (haplotype 35) also includes 16 haplotype 35 chromosomes from southern Ethiopia (R.S., unpublished data). Pygmy chromosomes in network F also carry the M200 derived allele (haplotype 40).
is very limited, with several instances of haplotypes common in one area but rare or absent in other regions. The only notable exceptions are represented by the haplotypes bearing the M78 (common in northern and eastern Africa) and the M35 (common in eastern and southern Africa) mutations. The geographic structuring that we observed agrees quite well with a previous analysis of genetic variation in Africa, based on autosomal protein markers , where northern, eastern, and sub-Saharan Africans formed distinct clusters in both the population genetic tree and principal component analysis. The strong differentiation observed here between northern and eastern Africans was not apparent in a previous study dealing with NRY variation in African populations (Scozzari et al. 1999) , mainly because of the lack of resolution within the group of chromosomes bearing the PN2 T and DYS271 A alleles (haplotype 4 in the study by Scozzari et al. [1999] ). These chromosomes are very frequent in both northern and eastern Africa and have now been dissected into several haplotypes (haplotypes 28-37 in fig. 1 ), the majority of which show a high degree of geographic structuring (table 2 and fig. 2 ). For example, haplotype 37, defined together with two rare haplotypes (36 and 38) by mutation M81, was observed at high frequencies (27%-76%) in several populations from northern Africa (Bosch et al. 2001 ; present study), but it was found to be rare or absent in eastern Africa present study) . A similar frequency distribution has been reported for the Y haplogroup HG 25.2 , which carries the XY275 G allele on a YAP ϩ PN2 T background because of a rare recombinational event between the pseudoautosomal marker XY275 and the NRY/pseudoautosomal region boundary. In the present study, all of the HG 25.2 chromosomes were also found to carry the M81 mutation, and vice-versa, suggesting that the M81 mutation and the XY275 recombination event are phylogenetically equivalent. The coalescence age of the M81-bearing chromosomes, estimated from the variation observed at the three microsatellite loci, was only 1,995 years (95% CI 1,068-4,005 years), a value similar to that estimated for HG 25.2 (1,400 years) through use of four dinucleotide repeats ). Thus, both the age and the high frequency of the M81 haplotypes suggest that a demographic expansion has occurred in northwestern Africa about 2,000 years ago.
In sub-Saharan Africa, the spread of two haplotypes that are related through the presence of the DYS271 derived allele (haplotypes 22 and 24) seems to have partially erased pre-existing genetic differences among different geographic regions. These haplotypes were found in all sub-Saharan areas analyzed, with a cumulative frequency of ∼80% in western Africa and southern Cameroon. Nevertheless, a high level of population (F p ST , ) and geographic ( , Ϫ4 0.332 P ! 10 F p 0.179 P p CT ) structuring can be detected south of the Sahara, .006 the result of both a different local impact of these haplotypes and the presence at high frequency of population-specific haplotypes (M51 and M14 lineages in Khoisan, M112 lineages in Khoisan and Pygmies, haplotype 117 in northern Cameroonians). These findings are clearly depicted by the correspondence analysis ( fig. 3B) , which identifies four clusters of populations corresponding to Khoisan, Pygmies, northern Cameroonians, and a group of poorly differentiated Niger-Congo-speaking populations from western, central western, and southern Africa.
Recent Population Expansions in Sub-Saharan Africa and the Impact on Pre-Existing Hunter-Gatherer Communities
Among the most common haplotypes, haplotypes 22, 24, and 41 have been found to be present in all of the sub-Saharan regions analyzed here (table 2 and fig. 2 ). Network analysis of the STRs associated with these haplotypes showed a low degree of geographic differentiation ( fig. 4C, D, and F) , suggesting that their presentday distribution is the consequence of relatively recent range expansion(s). Previous studies associated the diffusion of Bantu-speaking peoples from central western Africa toward southern Africa with the presence of DYS271-bearing chromosomes (haplotypes 22, 24, and derivatives) (Passarino et al. 1998; Scozzari et al. 1999; Underhill et al. 2001b ). Here we propose that haplotype 41, which reaches a frequency of 15% in the southern African Bantu , might also have been involved in such an expansion event. This hypothesis is supported by the fact that the mean variance of STR alleles of haplotype 41 chromosomes is higher in the central western Africans than in the southern Khoisan (0.14 and 0.07, respectively), a finding which also holds true for DYS271 haplotypes 22 and 24.
The impact of the Bantu expansion on pre-existing hunter-gatherer communities was also appreciable. The contribution of Bantu-speaking peoples to the male-specific gene pool of the Pygmies is 150%, and a similar degree of admixture is detected also in the Khoisanspeaking !Kung (45%) and Khwe (58%). These Y-chromosome data agree with mtDNA data showing a higher "Bantu component" in the Khwe than in the !Kung (Chen et al. 2000) , and they also correlate with the physical appearance of the former (Hiernaux 1974) . However, the impact of the Bantu on the hunter-gatherer communities could have been less extreme in other southern African regions, as is possibly indicated by the 17% of Bantu chromosomes observed in the composite Khoisan sample analyzed by Underhill et al. (2000) .
Although haplotypes 22, 24, and 41 were probably all involved in the Bantu expansion, the processes that determined the current distribution of these haplotypes in the Sudanese belt (a region south of the Sahara extending from western to central Africa) seem to have been more complex and perhaps involved a separate expansion. In particular, haplotype 24 and its derivative, haplotype 22, harbor opposite clinal distributions in the region, a finding that is at odds with the hypothesis of a parallel dispersion of these two lineages in the area. Haplotype 22 has a frequency of 23% in Cameroon (where it represents 42% of haplotypes carrying the DYS271 mutation), 13% in Burkina Faso (16% of haplotypes carrying the DYS271 mutation) and only 1% in Senegal (Semino et al. 2002) , whereas haplotype 24 reaches its highest frequency (81%) in Senegal (Semino et al. 2002) . A possible explanation might be that haplotype 24 chromosomes were already present across the Sudanese belt when the M191 mutation, which defines haplotype 22, arose in central western Africa. Only then would a later demic expansion have brought haplotype 22 chromosomes from central western to western Africa, giving rise to the opposite clinal distributions of haplotypes 22 and 24.
Khoisan Origins and Genetic Affinities
The Khoisan people exhibit a number of characteristics, such as light skin color, female steatopygia and macronymphia, and the presence of "click" sounds in their language, that make them markedly distinct from neighboring Bantu groups and other sub-Saharan Africans (Hiernaux 1974; Cavalli-Sforza et al. 1994) . Genetic analyses based on autosomal (Excoffier et al. 1987; Cavalli-Sforza et al. 1994 ) and mtDNA (Watson et al. 1996; Chen et al. 2000) markers also showed that the Khoisan represent an outlier group in the context of subSaharan Africa, a finding confirmed by our correspondence analysis ( fig. 3B ). If we exclude the recent introduction of Bantu chromosomes (see above), the current Khoisan Y chromosomes fall into only four distinct subsets: those carrying the M51 (haplotype 4) and M14 (haplotypes 6 and 7) mutations, which are Khoisan-specific, and those characterized by the M112 (haplotype 15) and M35 (haplotype 35) mutations, which are shared with Pygmies and Ethiopians, respectively. These haplotypes are not closely related and coalesce to the root of the Y-chromosome phylogeny, suggesting that, as previously noted (Scozzari et al. 1999) , the gene pool of modern Khoisan people is the result of several admixture events, ending with Bantu population-mediated gene flow. Of note is the observation that the M51 lineage found in the Khoisan, which represents 26% of the Khoisan chromosomes analyzed to date, and the M13 lineage, which is found at a high frequency in Ethiopia (41%, including data from Underhill et al. [2000] ), are united by M220, which is indicative of a shared common paternal ancestry. These findings, along with the sharing of haplotype 35 (table 2 and fig. 2 ), suggest a certain degree of ancient genetic affinity between Khoisan and Ethiopians. Hypotheses about the presence of some ancestors of modern Khoisan in eastern Africa have been made on the basis of Khoisan-like skeletal materials found in eastern and northeastern Africa (Brä uer 1978; Tobias 1978 ) and on the basis of linguistic affinities with some modern eastern African populations that also use "clicks" in their languages (Greenberg 1963) . Such a scenario is reinforced by the observation that haplotype 28, from which haplotype 35 is derived, and haplotype 5, which is phylogenetically the closest to haplotypes 2 and 4, have been found in Ethiopia but not in southern Africa. Although these data support the sharing of an ancestral gene pool between Khoisan and Ethiopians, the high divergence of haplotypes carrying the M13 and M51 mutations ( fig. 1 , and the large number of mutations observed in a more complete tree than that in fig.   1 In sub-Saharan Africa, the majority of the haplotypes fall within one of three groups (groups I-III in fig. 1 ) sharing the ancestral allelic state at the M89 locus. In contrast, the majority of non-African chromosomes carry the derived allele at this locus (groups VI-X in fig.  1 ). The only notable exception in sub-Saharan Africa is represented by a set of chromosomes that harbors the M207 and M173 mutations (haplotype 117 in fig. 1 ) and is found in different linguistic groups of northern Cameroon, at an average frequency of 40%. These two mutations define all members of group IX (haplotypes 110-123 in the study by Underhill et al. [2001b] ), a haplogroup that shares the M9 mutation with haplogroups VII, VIII, and X (haplotypes 81-96, 97-109, and 124-131, respectively , in the study by Underhill et al. [2001b] ). So far, all group IX chromosomes from Europe and the Middle East that we analyzed were found to carry either the M269 mutation (haplotype 117b and derivatives) or the SRY 10831 and M17 mutations (haplotypes 119-122). Both of these groups of haplotypes are very common in western Eurasia but harbor opposite frequency clines (R.S., unpublished data; P.A.U., unpublished data). Haplotypes carrying the SRY 10831 mutation are not restricted to western Eurasia but are also common in central, northern, and southern Asia Karafet et al. 2001) . Exclusive to Asia is a third group IX lineage, characterized by the M73 mutation (haplotype 123). The fourth and last group IX lineage identified so far is represented by the Cameroonian haplotype 117, which lacks any known downstream mutations.
How can the presence of Group IX chromosomes at considerable frequency in Cameroon be explained? A priori, we can envision three possibilities. First, group IX chromosomes in Cameroon are due to rather recent male gene flow from Europe or the Near East. Second, the entire M9 superclade (haplogroups VII-X) has an African origin. Third, group IX chromosomes in Cameroon represent a footprint of a male back migration from Asia to Africa. The first scenario seems to be very unlikely, because only derived haplotypes, carrying the M269 or M17/SRY 10831 mutations, have been detected in western Eurasia. The second hypothesis, an African origin of the M9 superclade that includes haplotype 117, would imply a subsequent impressive extinction of derivative lineages in sub-Saharan Africa, since no other haplotypes carrying the M9 mutation (haplogroups VII-X) have been observed in this region (the only exception being represented by a few haplotype 109 chromosomes found in the Fulbe from Cameroon). The last scenario, that of a back migration from Asia to Africa, currently appears to be by far the most plausible. This is because most of the M9 haplotypes (the majority of group VII and VIII lineages, as well as some group IX and X lineages reported by Underhill et al. [2000] ) have been observed only in Asia. Moreover, this possibility appears to be further supported by the recent finding of the UTY2ϩ/M173Ϫ intermediate haplotype ) in central and northeastern Asia (the UTY2 marker in the study by Karafet et al. [2001] corresponds to M207 in the present study).
On the basis of phylogeographic Y-haplotype analyses, Asia has been regarded as the source of several old migrations leading to the peopling of America, Oceania, and Europe (Karafet et al. 1999; Santos et al. 1999; Hammer et al. 2001; Underhill et al. 2001b; Wells et al. 2001; Lell et al. 2002) . In particular, M173-bearing chromosomes in Europe are considered to delineate an ancient expansion from Asia during the Upper Paleolithic, ∼30,000 years ago (Semino et al. 2000; Underhill et al. 2001b; Wells et al. 2001) . It is quite reasonable to hypothesize that an ancient Asian gene pool was the source of both the European (haplotype 117b) and Cameroonian (haplotype 117) M173 chromosomes. The fact that haplotype 117 is rare or absent in Asia (P.A.U., unpublished data) or the Middle East (present study), suggests that a large portion of its microsatellite diversity in Cameroon accumulated within the African continent after the proposed back-migration event, probably as a consequence of a population expansion. The coalescence age of the African haplotype 117, which we estimated as 4,100 years (95% CI 2,400-8,060 years), could thus represent a date for such an expansion and a lower limit for the time of entry into Africa. The occurrence of the latter event may not necessarily be recent. Although anthropological evidence indicates recent movements between western Asia and Africa by pastoralists (CavalliSforza et al. 1994) , the phylogeography and diversity patterns of M173-associated lineages suggest an earlier demographic history. The absence in northern Cameroon of Y haplotypes affiliated with the recolonization of Europe following the Last Glacial Maximum, as well as the subsequent Neolithic transition (Semino et al. 2000) , is consistent with this interpretation. Interestingly, phylogenetic analysis of primate T-cell lymphotropic viruses type 1 indicate a putative Asian origin (Vandamme et al. 1998 ) followed by a simian-or human-mediated introduction to Africa у20,000 years ago (Van Dooren et al. 2001 ).
An ancient human back migration from Asia to Africa had already been proposed by Altheide and Hammer (1997) and Hammer et al. (1998 Hammer et al. ( , 2001 , on the basis of nested cladistic analysis of Y-chromosome data. They suggested that the presence of YAP ϩ chromosomes in Africa was due to such an event, but this has recently been questioned by Underhill et al. (2001b) and Underhill and Roseman (2001) , primarily on the basis of the Asian-specific YAP ϩ subclade that neutralizes the previous phylogenetic inferences. Thus, the only evidence of a migration from Asia to sub-Saharan Africa that is fully supported by Y-chromosome data relies, at least for the moment, on the finding of haplogroup IX chromosomes in Cameroon.
Interestingly, a frequency of 13% has been previously reported in an Egyptian sample for a group of chromosomes defined as haplotype 1C (Scozzari et al. 1999) and closely related to the M173 chromosomes. Unfortunately, this sample was not available for the present study. Although we cannot define more precisely the haplotype of the Egyptian 1C Y chromosomes, it is worth noting that four of six of these chromosomes showed dinucleotide microsatellite haplotypes that matched or were onestep neighbors of the M173 chromosomes found in Cameroon.
The genetic uniqueness of the northern Cameroon populations outlined here is based entirely on Y-chromosome evidence. It is desirable that additional markers are examined to provide a complement to the Y-chromosome data. In particular, an mtDNA analysis might help to evaluate possible sex-specific differences in migratory behavior.
Further Considerations and Future Research Directions
The present study reports the most extensive survey of Y-chromosome diversity in Africa, in terms of number of markers and populations, and has allowed us to initiate the disentangling of some of the emerging patterns of its complex variation. However, several areas of the continent have not been yet covered, including large portions of the Saharan/Sahelian belt (Niger and Chad), northern Africa (from Tunisia to Egypt), and eastern Africa south of Ethiopia (Kenya and neighboring nation states). The analysis of these areas is necessary for an understanding of the origin and the present distribution of several interesting lineages, for which we have only partial information, to date. In particular, the analysis of areas around northern Cameroon could help to better define both the origin of group IX haplotype 117 and the distribution of the M13-bearing lineages. The presence of M13 chromosomes in central western Africa seems to indicate a migration from eastern Africa to central western Africa that, on the basis of STR data, could be rather ancient (see network in fig. 4A ). Also, the analysis of additional populations from eastern and northern Africa could shed some light on the origin and dispersion of the M78 chromosomes observed at high frequencies in both regions. In sub-Saharan Africa, some haplotypes observed at a low frequency could represent important signatures of pre-Neolithic settlements that have been overwhelmed by the strong demographic impact of farmers. The significance of these low-frequency haplotypes can be evaluated only by surveying much more consistent population samples. At this stage, we can only tentatively propose that group II haplotypes carrying the M236/288 mutations (haplotypes 19 and 19b) , as well as the chromosomes carrying the M33 mutation (haplotypes 42 and 43), might represent some of these pre-Neolithic candidates. Finally, although the current Y-chromosome phylogeny fully supports the "out of Africa" model (Underhill et al. , 2001b Hammer et al. 2001) , the possibility of more precisely localizing the geographic origin of modern humans within the continent awaits more genetic-as well as nongenetic-information.
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